Chronic myelogenous leukemia (CML) is a myeloproliferative disorder characterized at the molecular level by the expression of Bcr-Abl, a chimeric protein with deregulated tyrosine kinase activity. The protein-tyrosine phosphatase 1B (PTP1B) is upregulated in Bcr-Abl-expressing cells, suggesting a regulatory link between the two proteins. To investigate the interplay between these two proteins, we inhibited the activity of PTP1B in Bcr-Abl-expressing TonB.210 cells by either pharmacological or siRNA means and examined the effects of such inhibition on Bcr-Abl expression and function. Herein we describe a novel mechanism by which the phosphatase activity of PTP1B is required for Bcr-Abl protein stability. Inhibition of PTP1B elicits tyrosine phosphorylation of Bcr-Abl that triggers the degradation of Bcr-Abl through ubiquitination via the lysosomal pathway. The degradation of Bcr-Abl consequently inhibits tyrosine phosphorylation of Bcr-Abl substrates and the downstream production of intracellular reactive oxygen species. Furthermore, PTP1B inhibition reduces cell viability and the IC 50 of the Bcr-Abl inhibitor imatinib mesylate. Degradation of BcrAbl via PTP1B inhibition is also observed in human CML cell lines K562 and LAMA-84. These results suggest that inhibition of PTP1B may be a useful strategy to explore in the development of novel therapeutic agents for the treatment of CML, particularly because host drugs currently used in CML such as imatinib focus on inhibiting the kinase activity of Bcr-Abl.
Chronic myeloid leukemia (CML) 3 is a myeloproliferative disorder characterized by deregulated growth and apoptosis of hematopoietic stem cells in the bone marrow (1) . It is associated with a characteristic chromosomal translocation between chromosomes 9 and 22, known as the Philadelphia chromosome (2) . The resulting hybrid gene, bcr-abl, codes for a fusion protein with constitutive tyrosine kinase activity that activates several downstream signal transduction pathways. Bcr-Abl has several distinct tyrosine phosphorylation sites, but the role played by these tyrosine phosphorylations is to an extent largely unknown at present (3) .
Protein tyrosine phosphorylation plays a significant role in a wide range of cellular processes such as cell cycle, cell adhesion, and cell survival and at a molecular level regulating the activity and stability of proteins (4) . The state of tyrosine phosphorylation depends on the balance between the protein-tyrosine kinases and the protein-tyrosine phosphatases (PTPs). An imbalance leads to altered tyrosine phosphorylation, which has been shown to be a feature of several human diseases, including cancer (5) . So far, PTPs have been best known as down-regulators of protein-tyrosine kinase signaling, but their functions and regulations are only recently beginning to be understood.
Protein-tyrosine phosphatase 1B (PTP1B) is a prototype of the family of PTPs. It has been shown to act as a negative regulator of intracellular signaling driven by several receptor tyrosine kinases such as the receptors for insulin (6) , platelet-derived growth factor (7) , and hepatocyte growth factor (8) . It has also been demonstrated that its overexpression suppresses cell transformation by oncogenes that increase tyrosine phosphorylation such as ErbB2 (9) , Src (10), Crk, and Ras (11) . Therefore, these findings suggest that PTP1B may block proliferative and metabolic signaling. On the other hand, some proliferative pathways that are associated with the activation of the small GTPases Ras (12) and Rac (13) and the Src protein kinase (14) require PTP1B to function. PTP1B expression is altered in human breast (15) , ovarian (16) , and epithelial carcinomas (17) , but it is reduced in esophageal cancer (18) . Taken together, these results imply that PTP1B may play a critical role in multiple signaling networks involved in oncogenesis.
Studies carried out in Bcr-Abl model cell systems and in CML cell lines show that PTP1B is up-regulated (19, 20) and that Bcr-Abl may be a substrate of this phosphatase (19) . Furthermore, overexpression of PTP1B prevents Bcr-Abl-induced transformation of fibroblast cells (21) . To clarify its role in CML, we employed a Bcr-Abl expression model in a murine pro-B cell line (22) . We show that PTP1B is required for stabilization of Bcr-Abl. When PTP1B activity is inhibited, Bcr-Abl is degraded by the ubiquitin lysosomal pathway.
EXPERIMENTAL PROCEDURES
Cell Lines, Culture Conditions, Treatment, and ReagentsTonB.210 cells were kindly provided by Dr. George Daley (Massachusetts Institute of Technology (MIT), Cambridge, MA). TonB.210 cells are derived from the interleukin-3 (IL-3)-dependent murine pro-B cell line BaF3 and contain a doxycyclineresponsive promoter whereby Bcr-Abl p210 can be conditionally induced (20, 22) . TonB.210 cells were maintained in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine, 1% penicillin/streptomycin, and 10% Wehi-3B conditioned medium as a source of murine IL-3, and 1 mg/ml G418 sulfate for TonB.210 cells, in a humidified incubator at 37°C with 5% CO 2 .
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K562, LAMA-84, and MV4 -11 were maintained in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine and 1% penicillin/streptomycin. TonB.210 cells were routinely incubated with 1 g/ml doxycycline hyclate (DOX) in full IL-3 supplemented medium for the indicated times to induce Bcr-Abl expression. For PTP1B inhibition, cells were treated with 1 g/ml DOX for 48 h and 35 M 3-(3,5-dibromo-4-hydroxybenzoyl)-2-ethyl-benzofuran-6-sulfonic acid-(4-(thiazol-2-ylsulfanyl)-phenyl)-amide (PTP1B inhibitor) for 2 h (Calbiochem, Nottingham, UK) prior to cell harvest. Cells were also treated with proteasome inhibitor lactacystin (5 M for 3 h) (Calbiochem) and lysosome inhibitor chloroquine diphosphatase salt (100 M for 4 h). Imatinib mesylate was from Novartis (Basel, Switzerland). Unless otherwise stated, all reagents were purchased from Sigma-Aldridge (Dublin, Ireland). Measurement of Intracellular ROS Levels-Following treatments, ROS levels were determined using the cell-permeable fluorescent probe 2,7-dichlorodihydrofluorescein diacetate (Invitrogen Dublin, Ireland). Cells were treated as described above with DOX and/or different inhibitors. Following treatment, 50 M 2,7-dichlorodihydrofluorescein diacetate was added for 15 min in the dark. Cells were then analyzed for the mean fluorescent intensity of 10,000 events counted in the FL-1 channel on a FACSCalibur (BD Biosciences Europe) using the CellQuest Pro software (BD Biosciences).
Immunoblotting and Immunoprecipitation-Immunoblotting was carried out under conditions previously described by us (20) . We used Alexa Fluor 680 or 800 coupled with antirabbit or anti-mouse secondary antibodies (LI-COR Biosciences, Cambridge, UK) for detection with the Odyssey infrared imaging system (LI-COR Biosciences).
Immunofluorescence and Confocal Microscopy-Following treatment, cells (1 ϫ 10 5 ) were adhered to glass slides using a cytocentrifuge. Cells were fixed with 3% paraformaldehyde and permeabilized in PBS containing 0.2% BSA and 0.05% saponin (23) . Slides were then incubated with the appropriate antibodies diluted in 5% FBS/PBS for 2 h at room temperature, washed in PBS three times, and incubated with an appropriate secondary antibody conjugated to Alexa Fluor 488 or Alexa Fluor 594 for 1 h at room temperature. Following washes with PBS, slides were mounted with coverslips using Mowiol and dried overnight before imaging. Images of the cells were visualized and acquired using an Olympus FluoView 1000 inverted confocal laser scanning microscope. Cells were examined and imaged with an UPlanSAPO 60ϫ oil immersion objective (1.35 numerical aperture). Images were obtained at a 1024 ϫ 1024-pixel resolution in a frame-scan mode.
Antibodies-Primary antibodies used for immunoblotting, immunoprecipitation, or immunofluorescence were anti-c-Abl Ab-3 (Merck Biosciences), c-Abl (BD Biosciences) for immunofluorescence, c-Cbl and Bcr (Cell Signaling Technology, Danvers, MA), anti-␤-Actin, anti-GAPDH (Advanced ImmunoChemical, Long Beach, CA), lysobisphosphatidic acid (LBPA) (Echelon Biosciences, Salt Lake City, UT), PTP1B (Millipore, Dublin, Ireland), phosphotyrosine PY20 (BD Biosciences), ubiquitin (Dako, Glostrup, Denmark), and ubiquitin clone Ubi1 (Millipore, Bedford, MA). Secondary antibodies for immunoblotting were Alexa Fluor 680 or 800 conjugated to anti-mouse or anti-rabbit (LI-COR Biosciences, Bad Homburg, Germany). Secondary antibodies for immunofluorescence were goat antimouse or goat anti-rabbit conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen and Bio Sciences Ltd.). Densitometric analysis was carried out using the ImageJ software (rsbweb.nih.gov/ij).
PTP1B siRNA and Transfection-RNA interference mediated by duplexes of 21-nucleotide RNAs was performed in TonB.210 and K562 cells. Negative control 1 siRNA and two Silencer predesigned siRNAs (Ambion, Warrington, UK) were used for silencing PTP1B. The siRNAs chosen for PTP1B were negative control 1 siRNA ID: s72430 and negative control 2 siRNA ID: s72431. The sequences are available from the manufacturer's website. The transfection of siRNAs used the Amaxa Nucleofector technology with the Amaxa cell optimization kit V (Amaxa, Cologne, Germany) and followed the Amaxa guidelines. Expression of PTP1B and Bcr-Abl was examined by immunoblot after siRNA knockdown.
Reverse Transcription-Polymerase Chain Reaction AnalysisTotal RNA was extracted from 2 ϫ 10 6 TonB.210 cells untreated or treated with PTP1B inhibitor using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase (Promega, Southampton, UK) according to the manufacturer's instructions using oligo(dT) 15 primer for GAPDH (Promega), and for Bcr-Abl, the primers used were (24) sense, 5Ј-GAAGAAGTGTTTC-AGAAGCTTCTCCC-3Ј; and antisense, 5Ј-TGTGATTAT-AGCCTAAGACCCGGAG-3Ј. PCR for Bcr-Abl and GAPDH was performed using Taq (GoTaq, Promega) according to the manufacturer's instructions.
Two-dimensional Gel Electrophoresis-Samples containing 100 g of total protein in radioimmune precipitation buffer were resuspended in 10% TCA and acetone to remove residual salts. The suspensions were incubated overnight at Ϫ20°C and then centrifuged at 15,000 ϫ g for 30 min (4°C). The resulting pellet was resuspended in acetone containing 0.2% DTT and incubated for 1 h at Ϫ20°C. The suspension was centrifuged at 15,000 ϫ g for 30 min (4°C), and proteins present in the pellets were resuspended in 90 l of sample buffer (7 M urea, 2 M thiourea, 30 mM Tris base, 1.2% (w/v) CHAPS (Anachem), 0.4% (w/v) amidosulfobetaine-14 (ASB14) (Merck Biosciences), 10% (v/v) carrier ampholytes (pH 3-10), and 43 mM DTT and a trace of bromphenol blue), applying a modified Taguchi method (25) . The first dimension was performed on 7-cm pH 3-10 nonlinear immobilized pH gradient strips (GE Healthcare Biosciences) that were rehydrated without protein extract in 135 l of rehydration buffer (7 M urea, 2 M thiourea, 1% CHAPS, 0.5% carrier ampholytes (pH 3-10), 1.5% of 2-hydroxyethyl disulfide (or DeStreak reagent), and a trace amount of bromphenol blue) at least for 16 h at room temperature. The protein solution was applied by the anodic cup-loading method and focused on a Protean isoelectric focusing cell (Bio-Rad) at 20°C with rapid voltage increases: 250 V for 30 min and then up to a maximum voltage of 6000 V for 20 h. Strips were equilibrated as previously described (26) loaded on 8% SDS-PAGE, and transferred to nitrocellulose membranes. The blots were probed with the anti-c-Abl antibody (Cell Signaling Technology) or anti-phos-photyrosine PY20 antibody. For spot detection, the Odyssey infrared imaging system was used.
Cell Viability-The CellTiter-Blue cell viability assay (Promega) was used to monitor call viability. Briefly, cells were plated in black-walled clear-bottomed 96-well plates at 1-5 ϫ 10 5 cells/well in 100 l volumes with quadruplicate wells for each treatment. Following treatments, 20 l of CellTiterBlue reagent was added to each well, and plates were analyzed after 1 h on a FlexStation II benchtop scanning fluorometer (Molecular Devices) at excitation/emission wavelengths of 560/590 nm.
Statistical Analysis-Data are given as mean Ϯ S.D. for at least three experiments. Statistical significance was evaluated by Student's t test for comparison between groups with p Ͻ 0.05 considered significant. All data were generated from at least three independent experiments.
RESULTS

Bcr-Abl Levels Decrease When PTP1B Activity or Expression
Is Inhibited-To elucidate the interactions between PTP1B and Bcr-Abl, we initially analyzed the expression of PTP1B and BcrAbl proteins. In agreement with previous studies (19, 20) , when Bcr-Abl is expressed in TonB.210 cells, there is an increase in PTP1B protein levels (Fig. 1A) . Further experiments were performed to evaluate the appropriate concentration of the PTP1B inhibitor to inhibit the activity of this phosphatase and minimize its cytotoxic effects in TonB.210 cells. Surprisingly, it was found that treatment with increasing concentrations of the inhibitor for 2 h led to Bcr-Abl degradation. A dose of 35 M of the PTP1B inhibitor for 2 h was optimal for reducing Bcr-Abl protein levels (Fig. 1B) , and these conditions were adopted to study the effects of the inhibition of PTP1B on Bcr-Abl. PTP1B expression levels remained unchanged following treatment with PTP1B inhibitor (data not shown). To characterize the down-regulation of Bcr-Abl by the inhibition of PTP1B, the expression of Bcr-Abl was examined from 30 to 180 min by Western blotting. The levels of Bcr-Abl protein appeared to increase within 30 min but were barely detectable at 120 min (Fig. 1C) . To explore this further, we showed that inhibition of PTP1B had no effect on Bcr and c-Abl protein levels (Fig. 1D) , suggesting that the inhibition of PTP1B induced specific downregulation of Bcr-Abl, perhaps by a mechanism that recognizes a post-translational modification of Bcr-Abl chimeric protein.
Additionally, immunoprecipitation of PTP1B from TonB.210 cells followed by Western blot for Bcr-Abl demonstrated that Bcr-Abl and PTP1B bind to each other (Fig. 1E) . To confirm that the degradation of Bcr-Abl by PTP1B inhibition occurs in human CML cell lines with endogenous Bcr-Abl expression, the K562 and LAMA-84 cell lines were also examined. Decreased Bcr-Abl protein was observed in both these cell lines following a 2-h treatment with PTP1B inhibitor, although a higher dose of up to 200 M was required (Fig. 1F) . Although this is a considerably higher dose, this may be due to cell-specific differences that may mean a higher dose of inhibitor is required to inhibit PTP1B. To determine whether this downregulation of Bcr-Abl is due only to the specific inhibition of PTP1B and that the inhibitor is not affecting other PTPs, we used siRNAs to specifically suppress PTP1B. We transfected TonB.210 cells with scrambled siRNA, PTP1B siRNA 1, or PTP1B siRNA 2 for 72 h, and the expression levels of PTP1B and Bcr-Abl were determined by Western blot analysis. When PTP1B levels were knocked down by ϳ75% (siRNA 1) and 40% (siRNA 2), the expression of Bcr-Abl was decreased by ϳ40% (siRNA 1) and 20% (siRNA 2), respectively ( Fig. 2A) . Inhibition of PTP1B using siRNAs was also performed in the human K562 cell line, and a similar decrease in Bcr-Abl was observed (Fig.  2B) , further demonstrating that the effect is specific to PTP1B inhibition. These results suggest that stabilization of the BcrAbl protein in TonB.210 requires the presence of functional PTP1B.
The Ubiquitin Proteolytic System Is Involved in the Degradation of Bcr-Abl-To investigate the underlying mechanism by which PTP1B inhibition affects Bcr-Abl protein expression, we evaluated whether the effects were mediated at the RNA or protein level. Following the same treatment conditions used in the previous experiment (Fig. 1B) , Bcr-Abl mRNA levels were similar in TonB.210 cells treated with or without inhibition of PTP1B as analyzed by RT-PCR (Fig. 3A) . This suggests that Bcr-Abl down-regulation is due to a post-translational modification rather than a transcriptional inhibition. Previous studies (27) have shown that non-receptor tyrosine kinases undergo an activation-dependent degradation through the ubiquitin proteasome system. To determine whether the reduced expression 's t test) . B, K562 cells were transfected with scrambled siRNA and PTP1B siRNAs (1 and 2) for 72 h followed by immunoblotting for PTP1B and Bcr-Abl with GAPDH as loading control.
of Bcr-Abl resulted from the activation of the ubiquitin proteasome system, the levels of ubiquitination in total cell lysates following PTP1B inhibition were examined. Fig. 3B shows an increase in ubiquitinated proteins when cells were treated with 35 M of the PTP1B inhibitor for 2 h. Immunoprecipitation experiments were carried out to investigate whether Bcr-Abl was ubiquitinated prior to its degradation. TonB.210 cells in the presence of DOX were treated with 35 M of the PTP1B inhibitor for 5, 15, 30, 60, or 120 min. Increased amounts of ubiquitin were detected following immunoprecipitation of Bcr-Abl between 15 and 30 min of treatment, and a band was detected at the same molecular weight as Bcr-Abl in the ubiquitin Western blot (Fig. 3C) . Furthermore, this ubiquitination of Bcr-Abl was associated with an increase in the binding between c-Cbl, an ubiquitin E3 ligase that recognizes activated protein kinases (27) , and Bcr-Abl (Fig. 3C) . To confirm the ubiquitination of Bcr-Abl, ubiquitin was immunoprecipitated from DOXtreated TonB.210 cells following treatment with the PTP1B inhibitor and examined for the presence of Bcr-Abl (Fig. 3D) . In addition to increased Bcr-Abl recovered in the ubiquitin immunoprecipitate following PTP1B inhibition, a shift in the molecular weight of Bcr-Abl was observed, which further indicates that a post-translational modification such as ubiquitination has occurred. To further demonstrate that ubiquitination of Bcr-Abl is important in its degradation following PTP1B inhibition, K562 cells were treated with PTP1B inhibitor, and BcrAbl was examined. Following immunoprecipitation of Bcr-Abl, a marked increase in ubiquitin was also observed in K562 cells (Fig. 3E ). Together these results indicate that the ubiquitination is an important step in the PTP1B-mediated degradation of Bcr-Abl. Recently, cross-talk between different types of posttranslational modification has been shown as important in eukaryotic biology, particularly the multiple connections between phosphorylation and ubiquitination (28) . We hypothesized that the mechanism by which PTP1B inhibitor affects Bcr-Abl protein levels is due to a tyrosine phosphorylation of Bcr-Abl residues that triggers its ubiquitination and subsequent degradation. This increase in Bcr-Abl phosphorylation may be a consequence of loss of PTP1B activity caused by PTP1B inhibition. Examination of overall tyrosine phosphorylation of Bcr-Abl by one-dimensional electrophoresis did not reveal any significant change following PTP1B inhibition (data not shown), which was not unexpected as Bcr-Abl is phosphorylated at several tyrosine residues and changes at specific residues may not be detected this way. In an attempt to identify any difference in post-translational modification of Bcr-Abl protein between cells in the presence of DOX with the PTP1B inhibitor or untreated cells, a two-dimensional gel electrophoresis was carried out. The combination of two-dimensional gel electrophoresis and Western blotting demonstrated that PTP1B inhibition caused an acidic isoelectric point shift of Bcr-Abl (at 15 min), which is suggestive of increased Bcr-Abl phosphorylation (Fig. 3F, left panel) . Furthermore when this two-dimensional gel electrophoresis was followed by Western blot using a phosphotyrosine antibody, a spot was observed at the same position as Bcr-Abl, and this also underwent an acidic isoelectric point shift following a 15-min treatment with the PTP1B inhibitor (Fig. 3F, right panel) . This may indicate the accumulation of a hyperphosphorylated form of Bcr-Abl following PTP1B inhibition priming the protein for ubiquitination. These results show that PTP1B could stabilize Bcr-Abl by post-translational modification, probably preventing its phosphorylation and subsequent ubiquitination and degradation. (Fig. 3C ) an important role for the ubiquitination of Bcr-Abl in its degradation. To check that PTP1B inhibition mediates the degradation of BcrAbl through the proteasome pathway, TonB.210 cells were treated with lactacystin, a proteasome inhibitor. As shown in Fig. 4A , pretreatment with lactacystin at 5 M for 3 h did not block the degradation of Bcr-Abl (compare lane 3 with lane 6) . Moreover, we did not observe an increase in the tyrosine phosphorylation of the proteins or in the ROS levels, both features of Bcr-Abl signaling. Inhibition of Bcr-Abl-induced ROS signaling is shown in Fig. 4B , left panel, and remains unaffected by lactacystin pretreatment. These results indicate that Bcr-Abl downregulation by PTP1B inhibition is proteasome-independent. It has been described that ubiquitination targets receptor tyrosine kinases and other receptors to the lysosome for its degradation (29) . We evaluated the contribution of lysosomal proteases to Bcr-Abl degradation by PTP1B inhibition through the use of chloroquine, a lysosomotropic agent. Cells were treated with PTP1B inhibitor in the presence or absence of chloroquine. As shown in Fig. 4A , pretreatment with 100 M chloroquine for 4 h prevented the degradation of Bcr-Abl induced by PTP1B inhibitor (compare lane 3 with lane 7). Furthermore, treatment with chloroquine caused maintenance of the hallmarks of Bcr-Abl expression, such as an increased tyrosine phosphorylation of proteins (Fig. 4A ) and increased ROS levels (Fig. 4B, right  panel) . These results suggest that the degradation of Bcr-Abl induced by PTP1B inhibition functions through the lysosomal pathway.
PTP1B Inhibition Leads to Bcr-Abl Degradation by Lysosomal Pathway-We have shown here
Altered Localization of Bcr-Abl in TonB.210 Cells Is Related to the Inhibition of PTP1B-We performed immunofluorescence microscopy to examine the subcellular distribution of Bcr-Abl in TonB.210 cells in the absence or presence of PTP1B inhibition. In contrast to DOX-treated TonB.210 cells, where Bcr-Abl was localized to the cytoplasm, Bcr-Abl was localized predominantly in aggregates that are dispersed in the cytoplasm in cells treated with the PTP1B inhibitor (Fig. 5A) . Quantification of the percentage of cells displaying these aggregates is represented in the bar chart in Fig. 5A . It has been reported that in neurodegenerative diseases, polyubiquitylation can induce accumulation of proteins as aggregates in the Nonidet P-40 detergent-insoluble cellular fraction prior its degradation (30) . Treatment with the PTP1B inhibitor led to a decrease in Bcr-Abl in the Nonidet P-40 detergent-soluble fraction concomitant with an increase of the Bcr-Abl protein in the Nonidet P-40 detergent-insoluble fraction before degradation by the lysosome (Fig. 5B) . Colocalization studies between Bcr-Abl and ubiquitin (Fig. 5C, top panel) demonstrated that the aggregates are ubiquitinated bodies, and colocalization between Bcr-Abl and the late endosome marker LBPA further indicated that these aggregates are degraded via a lysosomal pathway (Fig. 5C,  bottom panel) . To confirm the effects observed following pharmacological inhibition of PTP1B, immunofluorescence studies were then performed on TonB.210 cells following siRNA inhibition of PTP1B. Cells treated with negative control siRNA and analyzed for Bcr-Abl by immunofluorescence displayed cytoplasmic staining in 91.6 Ϯ 5.3% of cells (Fig. 5D, top panel) , whereas treatment with PTP1B siRNA resulted in 63.4 Ϯ 5.2% of cells displaying aggregates similar to those observed following treatment with the PTP1B inhibitor (Fig. 5D, bottom panel) . The remaining cells showed cytoplasmic staining similar to that observed in negative control cells. These Bcr-Abl protein aggregates formed following PTP1B siRNA also colocalized with ubiquitin and the late endosome marker LBPA (Fig. 5E) . We concluded from these results that Bcr-Abl forms multiubiquitinated aggregates that are incorporated into the lysosome in TonB.210 cells in the presence of PTP1B inhibition.
PTP1B Inhibition Causes Decreased Viability in Bcr-Abl-ex-
pressing Cells-To demonstrate that degradation of Bcr-Abl following PTP1B inhibition had a negative effect on survival, viability was measured following a 24-h treatment with the PTP1B inhibitor. Treatment with 35 and 50 M doses of the inhibitor caused decreased viability of Bcr-Abl-induced TonB.210 cells (reduction of 23 Ϯ 5 and 48 Ϯ 15% below that of untreated cells, respectively), whereas these doses had no significant effect on uninduced cells (Fig. 6A) . Furthermore, it was observed that the IC 50 of the tyrosine kinase inhibitor imatinib mesylate, currently used for treatment of CML, was reduced when co-incubated with the PTP1B inhibitor. Treatment with 50 M PTP1B inhibitor reduced the IC 50 of imatinib mesylate treatment over 24 h from 9.9 Ϯ 0.6 to 4.8 Ϯ 0.5 M (Fig. 6B) . Furthermore, when cell viability was examined in human CML cell lines following a 24-h treatment with the PTP1B inhibitor, a significant decrease was observed in both K562 and LAMA-84 (Fig. 6C) . However, the AML cell line MV4 -11, which lacks Bcr-Abl expression, was unaffected. This demonstrates that it is through the degradation of Bcr-Abl that the PTP1B inhibitor exerts a negative effect on cell viability.
DISCUSSION
In the present study, we used both pharmacological inhibition and siRNA knockdown methods to examine the relationship between PTP1B and Bcr-Abl-expressing cells. TonB.210 cells expressing Bcr-Abl showed an elevated level of PTP1B protein. This may reflect a homeostatic adaptation to enhanced kinase activity. However, the results of other groups (31) have shown that Bcr-Abl induces up-regulation of PTP1B transcript levels by regulating transcription factors, leading to an increase of PTP1B protein levels. Intriguingly, when we characterized the optimal experimental conditions for the inhibition of PTP1B, we detected a down-regulation of Bcr-Abl. This result suggests that PTP1B acts as a tumor promoter in CML, and it is consistent with previously published data from several laboratories that have reported that PTP1B functions as a positive regulator of signaling events associated with breast tumorigenesis (32, 33) . Until recently, the only PTP that had been demonstrated to function as an oncogene in certain tumors was SHP-2 (34) . In fact, SHP-2 is required for hematopoietic cell transformation by Bcr-Abl, and this function of SHP-2 is attributed to its role in stabilizing Bcr-Abl as well as in downstream signal transduction of Bcr-Abl kinase (35) . Moreover, it has been reported that mutations that activate this PTP are present in several leukemias (36) . To confirm that the decreases in BcrAbl protein levels are likely due to a specific loss of PTP1B function and avoid the possible off-target effects of pharmaceutical approach, we knocked down PTP1B by two different PTP1B siRNAs, resulting in a reduction of Bcr-Abl protein levels in TonB.210 and K562 cells. The difference between the two PTP1B siRNAs used in down-regulating Bcr-Abl, where an increased knockdown of PTP1B correlates with higher downregulation of Bcr-Abl, suggests that the down-regulation of Bcr-Abl is due to a reduction in PTP1B activity. In summary, these results indicate that PTP1B regulates stabilization of BcrAbl protein and that its activity is required for its stabilization.
Bcr-Abl protein levels were decreased in cells treated with PTP1B inhibitor, but Bcr-Abl mRNA levels were similar in TonB.210 cells treated or untreated with PTP1B inhibitor, suggesting that rapid Bcr-Abl down-regulation is mediated by post-transcriptional mechanisms that lead to its degradation. Initially, the treatment with PTP1B inhibitor stabilized and increased Bcr-Abl protein levels, but at later time points, they induced its degradation. Previous studies have reported that activation of many kinases triggers their subsequent down-regulation through the ubiquitin proteasome system pathway (27) . Activation-dependent degradation and signaling termination usually involve members of the CBL family of E3 ligases. In the present study, we have demonstrated that treatment with PTP1B inhibitor causes a shift of Bcr-Abl species to a more acidic isoelectric point, which is consistent with an increase in phosphorylation. We suggest that this phosphorylation creates a recognition signal for binding of a ubiquitin ligase such as c-Cbl to Bcr-Abl that causes ubiquitination of Bcr-Abl prior to its degradation. These data are consistent with findings that other oncogenes, such as c-Myc, avoid degradation and increase stabilization by mutations that prevent phosphorylation and subsequent ubiquitination and proteasomal degradation (37) . In fact, the inhibition of PTP1B leads to the translocation of Bcr-Abl from the Nonidet P-40 detergent-soluble fraction to the Nonidet P-40 detergent-insoluble fraction, which is known to contain polyubiquitinated proteins (30) . This result was confirmed by immunofluorescence where PTP1B inhibitor induced a redistribution of Bcr-Abl into punctate, cytosolic aggregates prior to its degradation.
In mammalian cells, there are two main pathways for protein degradation: the ubiquitin-proteasome pathway and the autophagy-lysosome pathway. Depending on the cell type, its metabolic activity, and the specific protein to be degraded, the cell will use one or the other. Both catabolic pathways share the use of ubiquitin. The structural complexity of different polyubiquitin chains may be sufficient to maintain selectivity and specificity of the ubiquitin proteasome system and autophagy toward their substrates (38) . We have evaluated which degradative pathway was activated when TonB.210 cells were treated with PTP1B inhibitor (Fig. 7) . Pretreatment with lactacystin, a proteasome inhibitor, did not attenuate the down-regulation. This result indicates that Bcr-Abl down-regulation by PTP1B inhibitor is proteasome-independent. Moreover, PTP1B inhibition induces a destabilization of Bcr-Abl independent of the Hsp90/Hsp70 pathway, molecular chaperones well known as facilitators of protein folding and stability (39) . The down-regulation of Bcr-Abl was abolished by pretreatment with chloroquine, a lysosome inhibitor. We show that treating TonB.210 cells with the inhibitor of PTP1B induced rapid down-regulation of Bcr-Abl through the autophagy-lysosome pathway. It has been shown that aggregates of polyubiquitinated proteins formed in the cytoplasm are selectively removed from cells by autophagy (40) or the aggresome pathway (41) .
The importance of PTP1B stabilization of Bcr-Abl for oncogenic signaling is confirmed by the decreased viability of BcrAbl-expressing cell lines following PTP1B inhibition, whereas the effect on viability is significantly less in non-Bcr-Abl cell lines. In addition to this, the IC 50 of the imatinib mesylate was decreased by PTP1B inhibition. This raises the possibility that PTP1B inhibitors, which are currently the subject of intensive research, may be useful in the treatment of CML, either in conjunction with existing treatments or possibly as an alternative therapy.
Although several investigations have elucidated mechanisms governing Bcr-Abl regulation (42) , identification of the cellular protein components that can regulate its activity or stability may reveal potential pharmacological targets that could inhibit Bcr-Abl signaling. Our studies show that PTP1B is required for the stabilization of Bcr-Abl and functions as a tumor promoter in TonB.210 cells. Inhibition of PTP1B activity leads to downregulation of Bcr-Abl through ubiquitination and lysosomal degradation. Manipulating the stability of PTP1B and modulating the ubiquitin system might offer interesting therapeutic approaches for the treatment of CML.
